PHAGOCYTOSIS of apoptotic cells (programmed cell clearance) is integral to the maintenance of tissue homeostasis (53) . This process is also pivotal for regulation of the inflammatory response insofar as dying cells are removed before the loss of plasma membrane integrity occurs, thereby preventing leakage of intracellular constituents into the extracellular space (49) . Neutrophils, key players in the inflammatory response, are normally removed in a silent manner by neighboring cells, usually macrophages (46) . Impaired clearance of apoptotic cell corpses, on the other hand, has been documented in a variety of autoimmune and chronic inflammatory diseases, including systemic lupus erythematosus, rheumatoid arthritis, and several forms of lung disease (13, 24) . Indeed, the view is emerging that the underlying pathogenesis of human diseases may involve not only too much or too little cell death, but also a mismatch between cell death (apoptosis) and cell clearance (53) .
Programmed cell clearance is mediated via surface changes on apoptotic cells and the engagement of recognition and engulfment receptors on macrophages, thus ensuring safe and efficient disposal of cell corpses (53) . Exposition of phosphatidylserine (PS) on the outer leaflet of the plasma membrane is a common event during apoptosis and has been shown to be essential for clearance of apoptotic targets by certain classes of macrophages and nonprofessional phagocytes (16, 17, 28, 38) . Selective oxidation of PS is an integral feature of the apoptotic program, and exposure of oxidized PS may also serve to promote the engulfment process (3, 28) . Furthermore, the binding of PS to specific receptor(s) on the macrophage surface induces a potent anti-inflammatory response with macrophage production of transforming growth factor-␤ (TGF-␤) and other anti-inflammatory cytokines (15, 27) .
The nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is a multicomponent enzyme system responsible for the generation of reactive oxygen species (ROS) in phagocytes (18) . The functional significance of this membrane-associated enzyme system has been revealed in studies of patients suffering from chronic granulomatous disease (CGD). This X-linked or autosomal recessive immunodeficiency results from a genetic defect in one of the four major subcomponents of NADPH oxidase: the membrane-bound components, gp91 phox and p22 phox , or the cytosolic components, p47 phox and p67 phox (phox ϭ phagocyte oxidase) (25) . Failure of phagocytes to produce an oxidative burst results in a characteristic susceptibility to severe and recurrent bacterial and fungal infections. CGD patients also develop exaggerated inflammatory processes, sometimes leading to the formation of tissue granulomas that may obstruct vital organs (20, 44) . The mechanism behind these aberrant inflammatory responses is unknown. Neutrophils from CGD patients have been shown to exhibit delayed apoptosis, although the process is not completely abolished (14, 30) , and this could potentially contribute to the persistence of inflammation in these individuals. Moreover, gene expression profiling studies also support the notion that defective neutrophil apoptosis could play a role in the formation of chronic granulomatous lesions (31) . Hampton et al. (21) have provided evidence that oxidant production by NADPH oxidase is required for clearance of normal donor neutrophils stimulated with bacteria, and Brown et al. (6) reported that CGD macrophages are defective in their ability to produce anti-inflammatory mediators upon interaction with apoptotic target cells. However, whether the process of cell clearance is compromised in these patients remains to be elucidated.
We showed previously (14) that neutrophils possess two distinct pathways for the exposure of PS: a caspase-dependent pathway that appears to operate during constitutive and death receptor-mediated apoptosis and a ROS-dependent pathway that is caspase independent but can be blocked by diphenyleneiodonium (DPI), an inhibitor of NADPH oxidase. In the present study, we asked whether CGD neutrophils are defective for ROS-dependent PS externalization, and whether these cells can escape macrophage engulfment. Moreover, we aimed to assess whether the absence of a functional NADPH oxidase in CGD macrophages or the promyelocytic leukemia PLB-985 cell line differentiated into macrophage-like cells (mimicking CGD macrophages) suppresses clearance of apoptotic target cells.
MATERIALS AND METHODS
Patients and control subjects. The study population included four CGD patients from Sachs' Children's Hospital and Karolinska University Hospital, as well as healthy adult blood donors from Karolinska University Hospital. Blood samples were drawn from patients on one occasion for each participating patient. These studies were approved by the ethical committee at Karolinska Institutet, and informed consent was obtained from the patients and/or their parents. None of the CGD patients participating in this study had any signs of acute illness or infection, and C-reactive protein (CRP) values for all patients were normal, at the time blood was drawn for the experiments. Detailed clinical histories for each of the patients included in the present study have been reported elsewhere by us (33, 34, 43) .
Patient 1 (female, born in 1998) and patient 2 (male, born in 1995) both carry mutations in the p47 phox gene (43) . Patient 3, a woman born in 1941, carries a heterozygous gp91 phox mutation, leading to the production of a nonfunctional membrane-bound cytochrome b558, which is unable to bind to the cytosolic components of NADPH oxidase. The other gp91 phox allele was found to be extremely lyonized, thus resulting in a CGD phenotype (34) . Patient 4, a woman born in 1976, has a rare form of CGD with two different mutations in the p67 phox gene. A detailed description of the consequences of these mutations on the function of NADPH oxidase has been provided previously (33) .
Reagents. Phorbol myristate acetate (PMA), 1␣,25-dihydroxycholecalciferol (vitamin D 3), DPI, 5(6)-carboxytetramethyl-rhodamine N-hydroxy-succinamide ester (TAMRA), aspartate-glutamatevaline-aspartate-7-amino-4-methyl-coumarin (DEVD-AMC), phospho-L-serine (PLS), and zymosan were purchased from Sigma (St. Louis, MO). The pan-caspase inhibitor benzyloxycarbonyl-valinealanine-aspartate-fluoromethylketone (zVAD-fmk) was obtained from Enzyme Systems Products (Dublin, CA). Anti-Fas monoclonal antibodies (clone CH-11) and etoposide were purchased from Medical & Biological Laboratories (Nagoya, Japan) and Bristol-Myers Squibb (Stockholm, Sweden), respectively. Amplex Red and dihydroethidium (DHE) were purchased from Molecular Probes (Eugene, OR). Lymphoprep gradient medium was from Axis-Shield (Oslo, Norway). Boc1 (N-t-Boc-Phe-D-Leu-Phe-D-Leu-Phe) was from MP Biomedicals (Illkirch, France).
Neutrophil isolation and cell culture. Peripheral blood neutrophils from heparinized blood of CGD patients and healthy donors were isolated by a method of dextran sedimentation and density gradient centrifugation as previously described (14) . Residual erythrocytes were removed by hypotonic lysis. Purified neutrophils were cultured in 12-or 24-well tissue culture plates in RPMI 1640 medium supplemented with heat-inactivated 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Life Technologies). Zymosan was suspended at 1 mg/ml in PBS, heat inactivated for 20 min, and washed once in PBS. It was then incubated at 5 mg/ml in 30% human plasma from the neutrophil preparation with end-over-end rotation for 20 min at 37°C. Opsonized zymosan was washed and resuspended at 50 mg/ml in PBS and used at a final concentration of 1 mg/ml.
Macrophage isolation and cell culture. Mononuclear cells from heparinized blood of CGD patients and control subjects were isolated as previously described (28) . After density centrifugation, cells were resuspended in 24-well plates at 4.0 ϫ 10 6 cells/ml in RPMI 1640 medium. Monocytes were then separated by adhesion to tissue culture plastic for 1 h at 37°C, and nonadherent cells were washed off with PBS. Human monocyte-derived macrophages (HMDM) were cultured for 7-10 days in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin before phagocytosis assays. For some experiments, to generate activated macrophages, HMDM were cultured in the presence of recombinant macrophage colony-stimulating factor (M-CSF) (50 ng/ml) (R&D Systems, Minneapolis, MN) for 3 days before phagocytosis assays.
Cell line differentiation and culture. The Jurkat leukemia T cell line from the European Collection of Cell Cultures (Salisbury, UK) was grown in RPMI 1640 medium (Sigma) supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. The human monocytic leukemia cell line THP.1 obtained from the American Type Culture Collection (Manassas, VA) was maintained in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 1 mM Na-pyruvate, and 5.0 ϫ 10 Ϫ5 M ␤-mercaptoethanol. To induce differentiation into macrophage-like cells, 5.0 ϫ 10 5 THP.1 cells/ml were stimulated with PMA at 150 nM for 3 days. The X chromosomelinked CGD (X-CGD) human promyelocytic leukemia PLB-985 cell line lacking gp91 phox (55) and the X-CGD cell line retransfected with gp91 phox (X-CGD-gp91 phox ) (9) (the generous gift of Dr. Mary Dinauer, Indiana University School of Medicine, Indianapolis, IN) were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. To induce differentiation into macrophagelike cells, PLB-985 cells were seeded at a density of 5.0 ϫ 10 5 cells/ml in 24-well tissue culture plates and stimulated with a combination of 30 nM PMA and 200 nM vitamin D3 for 3 days (5). Differentiation into macrophage-like cells was determined by assessment of plastic adherence, morphological features, and detection of phenotypic cell surface markers (data not shown).
Phospholipid oxidation. Lipids were extracted from cells by the Folch procedure and resolved by two-dimensional high-performance thin-layer chromatography (HPTLC) according to a recently established protocol (29) . Briefly, spots of phospholipids were scraped from the HPTLC plates, phospholipids were extracted from silica, and lipid phosphorus was determined by a micromethod. Oxidized phospholipids were then hydrolyzed by pancreatic phospholipase A2 (2 U/l) in 25 mM phosphate buffer containing (in mM) 1 CaCl2, 0.5 EDTA, and 0.5 SDS (pH 8.0 at room temperature for 30 min). Fatty acid hydroperoxides were determined by fluorescence HPLC of resorufin stoichiometrically formed during their microperoxidase 11-catalyzed reduction in the presence of Amplex Red (for 40 min at 4°C) (29) . Fluorescence HPLC [Eclipse XDB-C18 column, 5 m, 150 ϫ 4.6 mm; mobile phase composed of 25 mM disodium phosphate buffer (pH 7.0)-methanol (60:40 vol/vol); excitation ϭ 560 nm, emission ϭ 590 nm] was performed on a Shimadzu LC-100AT HPLC system equipped with fluorescence detector (RF-10Axl) and autosampler (SIL-10AD).
PS externalization. Plasma membrane exposure of PS was quantified as detailed in the annexin V-FITC apoptosis detection kit (Oncogene Research Products, Cambridge, MA). Cells were costained with propidium iodide (PI; 125 ng/ml) before analysis on a FACScan (Becton Dickinson, San Jose, CA) equipped with a 488-nm argon laser. Ten thousand events were collected for each sample and analyzed with CellQuest software (Becton Dickinson). Low-fluorescence detritus was gated out before analysis. For PMA-treated neutrophils, a solution containing 0.5% trypsin-EDTA was used to detach cells from plastic before labeling.
Annexin I surface expression. Cells were harvested and resuspended in antibody-binding buffer (in mM: 10 HEPES, 140 NaCl, 2.5 CaCl 2; pH 7.4) containing either rabbit anti-human annexin I antibodies (Zymed Laboratories, San Francisco, CA) or negative control rabbit immunoglobulin fraction (DAKO, Glostrup, Denmark). Cells were then incubated on ice for 30 min, washed with ice-cold antibodybinding buffer, and resuspended in antibody-binding buffer containing secondary FITC-conjugated swine anti-rabbit polyclonal antibodies (DAKO). After 1 h of incubation at room temperature, cells were washed and then costained with 0.5 g/ml PI before analysis by flow cytometry with a FACScan flow cytometer (BD Biosciences) equipped with a 488-nm argon laser. PI-positive (necrotic) cells were gated out before analysis.
Caspase-3-like enzyme activity. Cleavage of the fluorogenic peptide substrate DEVD-AMC, indicative of caspase-3-like enzyme activity, was determined as previously described (14) . Briefly, cell lysates and DEVD-AMC substrate (50 M) were combined in a standard reaction buffer [100 mM HEPES, 10% sucrose, 5 mM dithiothreitol, and 0. ROS generation. Production of superoxide was assessed by oxidation of DHE to ethidium. Cells were incubated with 5 M DHE in tissue culture medium for 45 min at 37°C and then washed, resuspended in PBS, and submitted to flow cytometric analysis with a FACScan flow cytometer (Becton Dickinson) operating with CellQuest software (Becton Dickinson). Cellular debris and necrotic cells were excluded on the basis of forward and side scatter characteristics.
Phagocytosis. Phagocytosis assays were performed as previously described (28) . Briefly, target cells (typically 30 ϫ 10 6 ) were labeled with 50 g/ml of the fluorescent dye TAMRA in serum-free medium for 15 min at 37°C and then cultured at 2.0 ϫ 10 6 cells/ml in the presence or absence of the indicated stimulus. In some experiments, DPI (10 M) or zVAD-fmk (10 M) was added 30 min before the induction of apoptosis/activation of cells. For assessment of PSdependent and annexin I-dependent target cell uptake, HMDM were preincubated in the presence or absence of PLS (1 mM) and Boc1 (50 M), respectively, for 30 min before the phagocytosis assay. Target cells were then washed in PBS, resuspended in medium, and added to macrophages at a ratio of 10:1 in 24-well tissue culture plates. After cocultivation at 37°C for 1 h (for THP.1 and PLB-985 macrophages and M-CSF-stimulated HMDM) or 2 h (for nonactivated HMDM), noningested cells were washed off with several washes in cold PBS and the remaining cells were fixed in 2% paraformaldehyde for 15 min. Phagocytosis was evaluated by counting macrophages in phasecontrast light and thereafter counting TAMRA-labeled target cells within macrophages under UV illumination with a fluorescence microscope (NIKON Eclipse 80i; original magnification ϫ60) equipped with a DS-5M digital camera operating with NIS elements software (NIKON Instruments, Badhoeverdorp, The Netherlands). At least 400 macrophages/experimental condition were counted in duplicate samples. Data are reported as percentage of phagocytes positive for uptake of fluorescent target cells or ratio of phagocytosis of treated versus untreated target cells (for M-CSF-stimulated HMDM).
Statistics. Data are expressed as means Ϯ SD. Statistical analysis was carried out with Student's t-test or with one-way analysis of variance (ANOVA) with Tukey-Kramer post hoc test (Microsoft Excel PHStat). Differences between mean values were considered significant when P Ͻ 0.05.
RESULTS

NADPH oxidase-dependent PS externalization in neutrophils.
We showed previously (3, 14) that primary human neutrophils as well as neutrophil-differentiated HL-60 cells can expose PS on the cell surface in a ROS-dependent manner. To confirm these findings and to test the importance of NADPH oxidase, we incubated neutrophils from healthy adult blood donors in the presence or absence of PMA, a potent activator of NADPH oxidase, and measured PS externalization with annexin V-FITC. As seen in Fig. 1A , PMA treatment triggered PS exposure in normal donor neutrophils. Preincubation of neutrophils with DPI, a flavoprotein inhibitor that is commonly used to block NADPH oxidase (11) , decreased this PS exposure. Incubation of neutrophils for 3 h with serum-opsonized zymosan also triggered PS exposure, although to a lesser degree compared with PMA (data not shown). Next, we tested PS exposure in CGD neutrophils and found that PMA failed to trigger PS exposure in neutrophils obtained from these patients (Fig. 1B) . Normal neutrophils are also capable of exposing PS in a caspase-dependent manner during constitutive apoptosis (14) . To test whether constitutive apoptosis is impaired in CGD neutrophils, cells from CGD patients were maintained in culture for 24 h and PS exposure was then determined. A significant degree of PS exposure was seen in neutrophils from CGD patients at this time point, and a similar level of PS exposure was also observed in normal donors (Fig. 1C) . Moreover, concomitant caspase-3 activation was demonstrated in neutrophils from healthy donors (data not shown), in line with our previous findings (14) . Insufficient numbers of cells precluded the simultaneous measurement of caspase activation in cells from patients. Nevertheless, these results demonstrate that CGD neutrophils are capable of apoptosis-associated PS exposure, yet fail to show NADPH oxidase-dependent PS exposure.
Recent studies have suggested that annexin I could also serve as a recognition signal for apoptotic cells including neutrophils (48) . Indeed, we observed that PMA-induced activation is associated with annexin I externalization, and this was blocked by DPI (Fig. 1D) . Annexin I translocation to the plasma membrane has been reported to be dependent on phosphorylation (50) , and the effect of PMA on annexin I localization could thus be a direct consequence of protein kinase C (PKC) activation. However, our studies confirm that PMA triggers ROS production in the present model, and this ROS production was prevented by DPI (Fig. 1E) . We conclude that NADPH oxidase activation results in externalization of PS in primary human neutrophils and also, to some degree, in externalization of annexin I.
NADPH oxidase-dependent phospholipid oxidation in neutrophils. Previous studies have suggested a link between oxidation and externalization of PS (28, 51). Here we adopted an Fig. 1 . Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-dependent phosphatidylserine (PS) externalization in primary human neutrophils. A: freshly isolated neutrophils from healthy adult blood donors (n ϭ 3) were subjected to treatment with phorbol myristate acetate (PMA; 200 nM) or vehicle alone (DMSO) for 3 h. PS externalization was then determined by the annexin V-FITC method. The effect of preincubation of neutrophils with diphenyleneiodonium (DPI; 10 M) for 30 min was also assessed. Data are reported as means Ϯ SD. Differences in mean values were assessed by 1-way ANOVA followed by Tukey-Kramer test. *P Ͻ 0.05 vs. PMA. B: neutrophils from adult blood donors (n ϭ 3) and chronic granulomatous disease (CGD) patients (n ϭ 4) were incubated for 3 h in the presence or absence of PMA (200 nM), followed by detection of PS externalization. Data are reported as means Ϯ SD. *P ϭ 0.014, donors vs. patients, by Student's t-test. C: neutrophils from adult blood donors (n ϭ 3) and CGD patients (n ϭ 4) were incubated for 24 h in standard medium to induce spontaneous apoptosis, and PS externalization was monitored. Data are reported as means Ϯ SD. D: freshly isolated neutrophils from adult blood donors (n ϭ 4) were subjected to treatment with PMA (200 nM) or vehicle alone (DMSO) for 3 h. Annexin I externalization was then determined with specific antibodies, and data are displayed as mean fluorescence intensity (MFI) units upon subtraction of MFI values for the isotype-matched control antibody. The effect of preincubation of neutrophils with DPI (10 M) for 30 min was also assessed. Data are reported as means Ϯ SD. Differences in mean values were assessed by 1-way ANOVA followed by Tukey-Kramer test. *P Ͻ 0.05 vs. PMA. E: reactive oxygen species production was determined in donor neutrophils treated or not with PMA (10 min) or DPI ϩ PMA (1 h preincubation ϩ 10 min) at the concentrations indicated above.
oxidative lipidomics approach (29) to assess oxidation of different classes of phospholipids in PMA-stimulated donor neutrophils. To this end, phospholipids were extracted from neutrophils and resolved by HPTLC, and phospholipid hydroperoxides were determined by fluorescence HPLC of resorufin stoichiometrically formed during their microperoxidase 11-catalyzed reduction in the presence of Amplex Red. We found that PS underwent significant PMA-induced oxidation in normal human neutrophils (Fig. 2A) . Under the same conditions, oxidation of two more abundant phospholipids, phosphatidylethanolamine (Fig. 2B) and phosphatidylcholine (Fig. 2C) , also occurred, but the degree of oxidation upon PMA treatment was not significant compared with control. Unfortunately, neutrophils obtained from CGD patients were too few to permit reliable measurements of phospholipid oxidation. However, suppression of PS oxidation was detected when normal neutrophils were pretreated with DPI before PMA stimulation ( Fig. 2A) . Hence, at least in this model, phospholipid oxidation (including oxidation of PS) and PS externalization are both dependent on activation of NADPH oxidase.
NADPH oxidase-dependent clearance of activated neutrophils. PS externalization has been reported to function as a crucial recognition signal for macrophages (28) . To test whether PMA-triggered PS exposure is involved in macrophage engulfment, donor neutrophils were labeled with a fluorescent dye (TAMRA) and then subjected to PMA treatment, followed by cocultivation with HMDM. Representative examples of HMDM uptake of TAMRA-labeled target cells are shown in Fig. 3A . Our studies demonstrate that PMAtreated neutrophils are readily engulfed by primary macrophages, and preincubation of neutrophils with DPI blocked engulfment of these cells (Fig. 3B) . Stimulation of neutrophils with opsonized zymosan also promoted macrophage engulfment of neutrophils, although not as effectively as PMA (data not shown). Moreover, administration of PLS (32) suppressed macrophage uptake of PMA-triggered neutrophils, implying a role for PS-dependent recognition of these cells (Fig. 3B) . Addition of the formyl-peptide receptor antagonist Boc1 (36), on the other hand, had no significant effect on macrophage engulfment (Fig. 3C ).
Next, we tested whether CGD neutrophils fail to undergo engulfment as a result of their inability to expose PS upon activation. Indeed, PMA-treated CGD neutrophils escaped THP.1 macrophage ingestion (Fig. 3D) . For comparison, apoptotic neutrophils from CGD patients (i.e., neutrophils maintained in culture for 24 h before cocultivation with macrophages) were readily engulfed by THP.1 macrophages (Fig.  3D) . Together, these results suggest a correlation between neutrophil externalization of PS and macrophage engulfment of these cells.
Macrophage NADPH oxidase required for engulfment of target cells. The NADPH oxidase system is expressed both in neutrophils and in monocytes/macrophages, although a 10-fold lower expression of the NADPH oxidase has been reported for monocytes (12) . Of note, previous studies have shown that oxidative metabolism is impaired in peripheral blood monocytes and in tissue-associated lung macrophages derived from CGD patients (10, 26) . Here, we aimed to test the importance of macrophage-expressed NADPH oxidase for programmed cell clearance. To this end, HMDM were isolated from healthy control subjects and cocultivated with apoptotic target cells. Jurkat T cells triggered to undergo apoptosis by agonistic anti-Fas antibodies (28) were used as targets. Figure 4A shows the degree of PS externalization in Jurkat cells following Fas ligation and inhibition of PS externalization following preincubation of Jurkat cells with the pan-caspase inhibitor zVADfmk. Cocultivation of donor HMDM with apoptotic Jurkat cells resulted in phagocytosis of Jurkat target cells, and zVADfmk prevented this engulfment (Fig. 4B) . Furthermore, when donor HMDM were pretreated with DPI to block NADPH oxidase activation, phagocytosis of Fas-triggered Jurkat cells was attenuated (Fig. 4B) . Next, HMDM isolated from two CGD patients (patient 1 and patient 2) were cocultivated with apoptotic Jurkat cells as detailed above. As shown in Fig. 4C , CGD macrophages failed to engulf PS-positive (apoptotic) target cells. To confirm these findings in a different model, THP.1 macrophages preincubated or not with the NADPH oxidase inhibitor DPI were cocultivated with apoptotic Jurkat cells, and the degree of phagocytosis was determined. As for the primary human macrophages, THP.1 macrophages were also significantly impaired in their ability to engulf apoptotic targets after DPI treatment (Fig. 4D ).
In addition, as a complementary model, we utilized PLB-985 cells lacking the NADPH oxidase component gp91 phox (X-CGD) and X-CGD cells with restoration of gp91 phox expression (X-CGD-gp91 phox ). These cell lines were first differentiated into macrophage-like cells and then cocultivated with anti-Fas-triggered apoptotic Jurkat cells, and phagocytosis was determined as above. Our studies clearly show that X-CGD macrophages are less phagocytic compared with X-CGDgp91 phox macrophages (Fig. 5A) . Moreover, preincubation of reconstituted X-CGD-gp91 phox macrophages with DPI suppressed engulfment of target cells. To assess whether the nature of the target cell plays a role, we also cocultivated X-CGD and X-CGD-gp91 phox macrophages with apoptotic neutrophils (maintained in culture for 20 h before cocultivation with macrophages). Again, X-CGD macrophages were significantly less phagocytic compared with X-CGD-gp91 phox macrophages, and administration of DPI to X-CGD-gp91 phox macrophages suppressed uptake of apoptotic neutrophils (Fig. 5B) . These studies show that expression of a functional NADPH oxidase in macrophages is required for efficient clearance of apoptotic target cells.
DISCUSSION
The present study has provided evidence that a functional NADPH oxidase is required for oxidation and exposure of the recognition signal PS on the surface of activated neutrophils as well as for efficient macrophage clearance of apoptotic cell corpses (programmed cell clearance). Our findings also confirm the previous suggestion (14) that neutrophils possess two different pathways for PS externalization: a caspase-dependent pathway that operates during constitutive apoptosis and a ROS-dependent pathway that is involved in the clearance of activated cells. Notably, while the latter mechanism is impaired in neutrophils from CGD patients, our studies show that the apoptosis-associated mode of PS exposure remains intact in cells from these individuals. The observation that PMA causes NADPH oxidase-dependent externalization of PS on the cell surface of human neutrophils is in line with previous studies using serum-opsonized bacteria, a more physiological yet less potent stimulus for these cells (21) . Kasahara et al. (30) and Brown et al. (6) reported that spontaneous apoptosis of CGD neutrophils was significantly inhibited or delayed compared with normal neutrophils. However, our studies show that apoptotic responses ex vivo are not completely abrogated in neutrophils from CGD patients (Ref. 14; present study). Moreover, spontaneous and Staphylococcus aureus-induced apoptosis of monocytes from CGD patients was shown to be normal (4), thus disproving a general role of NADPH oxidase-derived ROS for the induction of apoptosis in phagocytes. In addition, our present studies show that CGD neutrophils undergoing spontaneous apoptosis are readily engulfed upon cocultivation with macrophages from normal donors. In contrast, we provide evidence that PMA-activated neutrophils from CGD patients fail to undergo clearance by normal macrophages. These results, along with the observation that PLS suppresses macrophage uptake of PMA-stimulated donor neutrophils, argue in favor of a role for NADPH oxidase-dependent PS externalization in the clearance of activated neutrophils. Indeed, the present data along with previous studies using neutrophil-like HL-60 cells (3) are suggestive of a link between activation-induced oxidation and externalization of PS. We cannot rule out a role for other recognition signals in addition to PS and/or oxidized PS, although the present results indicate that NADPH oxidase-dependent annexin I externalization is not a crucial signal for macrophage ingestion in this model. Nevertheless, our findings suggest the possibility that activated neutrophils in CGD patients may escape macrophage clearance in vivo, which in turn could contribute to the exaggerated inflammation and accumulation of cells in tissue lesions (granulomas). For comparison, Hampton et al. (21) observed an increased accumulation of neutrophils in peritoneal exudates of gp91 phox -deficient mice after injection of heat-inactivated bacteria, thus providing indirect evidence of defective neutrophil clearance in this animal model of CGD.
Our results also demonstrate that the engulfment of target cells by CGD macrophages is greatly diminished, thus implicating the NADPH oxidase in macrophages in programmed cell clearance. This conclusion is supported by our phagocytosis studies using normal macrophages pretreated with the NADPH oxidase inhibitor DPI as well as our studies using gp91 phox -deficient (X-CGD) PLB-985 cells differentiated into macrophage-like cells. In line with these findings, NADPH oxidase-derived ROS were previously reported to be important for the phagocytosis of myelin by peritoneal macrophages (52) . Moreover, Fc␥-receptor-mediated phagocytosis of IgG-opsonized particles is defective in macrophages from mice lacking Rac2, a Rho-GTPase that plays a stimulus-specific role in regulating NADPH oxidase activation (54) . Interestingly, very recent studies have shown that macrophages from gp91 phoxdeficient mice are also defective for removal of apoptotic cells (19) . However, the latter investigators concluded that the lack of a functioning NADPH oxidase in X-CGD macrophages does not contribute to the impairment in clearance of apoptotic cells. Nevertheless, on the basis of the present ex vivo studies of CGD macrophages, we propose that the emergence of inflammation and granulomas in CGD patients could result from a dual defect in cell clearance: a lack of PS externalization in activated neutrophils and a diminished capacity for engulfment of target cells by macrophages, due to the absence of a functional NADPH oxidase. Of note, our findings on the impairment of target cell engulfment in CGD macrophages appear to contradict a previous report by Brown et al. (6), who claimed that there are no significant differences between control and CGD macrophages in ability to ingest opsonized or nonopsonized target cells. The reason for the discrepancies between our studies could be related to the fact that macrophages from X-linked (6) and autosomal recessive (present study) CGD patients were eval- 3) . B: HMDM isolated from adult blood donors (n ϭ 3) were cocultured with apoptotic Jurkat cells treated as above for 2 h, and % of macrophages positive for ingestion of target cells was then determined. To assess the role of NADPH oxidase activation in macrophages, cells were pretreated with diphenyleneiodonium (DPI; 10 M for 1 h) before coculture with target cells. Data are reported as means Ϯ SD. *P ϭ 0.034, DPI vs. no DPI, by Student's t-test. C: HMDM isolated from two p47 phox -deficient CGD patients (patient 1 and patient 2) were cocultivated for 2 h with Jurkat target cells induced to undergo Fas-mediated apoptosis as indicated above. D: THP.1 macrophages were cocultivated with freshly isolated vs. apoptotic neutrophils for 1 h, and % of macrophages positive for ingestion of target cells was determined. Donor neutrophils were maintained in standard medium for 20 h before cocultivation with macrophages, in order to induce spontaneous apoptosis. Data are reported as means Ϯ SD (n ϭ 3). *P ϭ 0.0051, control vs. apoptotic, by Student's t-test. uated; overall, patients with X-linked CGD are considered to have a more severe clinical phenotype (42), but differences in monocyte/macrophage function between the two groups of patients have not been carefully studied. Moreover, macrophage culture conditions could play an important role. Brown et al. (6) stimulated the macrophage cultures with recombinant M-CSF for 6 days before coculture with target cells, while CGD macrophages in the present study were cultivated in standard medium without M-CSF. The latter conditions may thus have revealed inherent phagocytosis defects that could otherwise have been masked in the presence of the recombinant growth factor. Similarly, Fernandez-Boyanapalli et al. (19) reported that bone marrow-derived macrophages from gp91 phox -deficient mice were the least impaired of all the macrophage populations studied in this model, and this was attributed to the fact that these macrophages were M-CSF stimulated before ex vivo assessment of programmed cell clearance.
The underlying mechanism(s) that links defective expression or function of NADPH oxidase in macrophages to inefficient macrophage clearance of apoptotic cell corpses remains to be elucidated. However, the activation of ROS-dependent transcription factors that drive the expression of specific genes involved in the recognition and/or engulfment of apoptotic cells could play a role in this context. In line with this conjecture, recent gene expression profiling studies in neutrophils from CGD patients and control subjects indicated that transcription factors were dysregulated in CGD cells after phagocytosis of opsonized latex beads (31) . Furthermore, recent studies have shown that the expression of innate immune receptors including toll-like receptors, complement receptors, and chemokine receptors is dysregulated in neutrophils from patients with CGD (22) . It is therefore conceivable that the expression of engulfment receptors also could be dysregulated in the absence of a functional NADPH oxidase in macrophages, and future studies should aim to address this question. An alternative explanation is that macrophage-derived reactive oxygen and/or nitrogen species could serve as signaling molecules that act directly on neighboring cells and contribute to their engulfment, perhaps through the induction or modification of recognition signals on the surface of the target cell. Indeed, our recent studies (51) have provided evidence for macrophage-dependent oxidation/nitrosylation following lipopolysaccharide (LPS) stimulation of macrophages, resulting in PS externalization on the surface of "innocent" neighboring cells.
In addition, it deserves to be mentioned that NADPH oxidase plays a dual role in superoxide production and the regulation of intracellular pH (39, 40) . Indeed, studies of neutrophils from CGD patients have revealed abnormal proton conductance during phagocyte activation (40). Moreover, we have reported (2) that the defective membrane depolarization that is seen in neutrophils from CGD patients upon stimulation with various agonists can be restituted upon acidification of the cell culture medium, whereas normal donor neutrophils respond as CGD cells upon extracellular alkalinization. Interestingly, phox (X-CGD-gp91 phox ) were differentiated into macrophage-like cells with PMA and vitamin D3 and cocultured for 1 h with Jurkat T cells, untreated or induced to undergo apoptosis with monoclonal anti-Fas antibodies (250 ng/ml) for 4 h before phagocytosis assessment. The percentage of macrophages positive for ingestion of target cells was then determined. To further assess the contribution of NADPH oxidase, PLB-985 cell lines were also pretreated with DPI (10 M for 1 h) before coculture with target cells. Data are reported as means Ϯ SD (n ϭ 3). *P ϭ 0.0021, X-CGD vs. X-CGD-gp91 phox ; *P ϭ 0.040, DPI vs. no DPI, by Student's t-test. B: X-CGD and X-CGD-gp91 phox macrophages were pretreated or not with DPI (10 M for 1 h) and then cocultured for 1 h with freshly isolated or apoptotic donor neutrophils as target cells. The percentage of macrophages positive for ingestion of target cells was then determined. Neutrophils were maintained in standard medium for 20 h before cocultivation with PLB-985 macrophages, to induce spontaneous apoptosis. Data are presented as means Ϯ SD (n ϭ 3). *P ϭ 0.0040, X-CGD vs. X-CGD-gp91 phox ; *P ϭ 0.022, DPI vs. no DPI, by Student's t-test. Savina et al. (47) have demonstrated that dendritic cells lacking NADPH oxidase expression show enhanced phagosomal acidification and increased antigen degradation, and have also reported recently that presentation of tumor antigen is impaired in dendritic cells from CGD patients (37) . On the basis of these observations, one could thus speculate that a functional NADPH oxidase is required for pH regulation in phagocytes during antigen presentation as well as during the process of programmed cell clearance. Indeed, it may be relevant to assume that impaired regulation of pH in CGD macrophages could affect the cytoskeletal organization in these cells, which in turn could contribute to the impairment in engulfment of apoptotic cell corpses. Further studies are warranted to unravel the role of NADPH oxidase in macrophages for engulfment of apoptotic cells.
To conclude, our studies suggest a role for a functional NADPH oxidase in neutrophils as well as in macrophages in the process of programmed cell clearance. On the basis of these findings, we suggest that the failure to resolve inflammatory reactions due to inherent defects in the pathways of programmed cell clearance could contribute to the excessive inflammation and aberrant formation of tissue granulomas in patients with CGD. It is interesting to note that glucocorticoids, which have been shown to reverse obstructive granuloma formation in CGD patients (7), can also act on macrophages to promote the uptake of apoptotic neutrophils (35) . Furthermore, interferon-␥ is recommended as prophylaxis against infections in CGD patients (1) and has been demonstrated to enhance phagocytosis of apoptotic neutrophils by normal donor macrophages (41) . In sum, a better understanding of the mechanisms that regulate the physiological process of programmed cell clearance may lead to novel therapeutic opportunities for patients with CGD as well as patients suffering from other chronic inflammatory conditions.
